ABSTRACT Wolbachia and Cardinium are both maternally inherited intracellular bacteria that infect a wide range of arthropods and are associated with various reproductive abnormalities in their hosts. Cytoplasmic incompatibility (CI) is the most common effect associated with the infection of endosymbionts. The CI results in a failure of karyogamy when infected males mate with uninfected females. Although infection by both Wolbachia and Cardinium is fairly common, little is known about their interactions and each symbiontÕs contribution to the phenotype of doubly-infected hosts. In this study we measured the strength of CI induced by Wolbachia, Cardinium, or both in the Hainan population of Sogatella furcifera (Horváth) by performing all possible crossing combinations, and show that Cardinium induced strong CI, Cardinium and Wolbachia together caused partial CI, and Wolbachia did not induce CI. We found that doubly-infected females could slightly rescue CI induced by Cardinium-infected males, Cardinium-infected females could also weakly rescue CI induced by Cardinium-infected males. The investigation of the Þtness costs, beneÞts, or both of infection by each bacterium in planthopper showed that the infection with Cardinium alone could shorten the developmental time of nymphs in the Hainan population. Based on these results, we estimated that Cardinium may be the leading factor of CI in S. furcifera.
Wolbachia are vertically transmitted, intracellular bacteria known to infect a wide range of arthropods , Stevens et al. 2001 ) by manipulating their hostÕs reproductive mode. In different arthropod species, Wolbachia infection can result in different types of reproductive manipulations, including cytoplasmic incompatibility (CI) (Bourtzis et al. 1996, Hoffmann and Turelli 1997) ; male killing ; thelytokous parthenogenesis (Stouthamer et al. 1993) ; and feminization (transformation of genetic males into females) (Rousset et al. 1992 ). All of these types of reproductive manipulations are considered to allow Wolbachia to persist and promote the spread of infection into the host populations. (Hoffmann and Turelli 1997) . CI seems to be the most common effect associated with Wolbachia infection (OÕNeill et al. 1997 . It is observed in crosses between infected males and either uninfected females (unidirectional CI) or females infected by a different, incompatible Wolbachia strain (bidirectional CI). Some studies have shown that in the incompatible crosses, fertilization is apparently normal but subsequent mitoses are disrupted, leading to the death of the zygote (Reed and Werren 1995; Callaini et al. 1996 Callaini et al. , 1997 . The mechanisms of CI remain unclear so far, but CI can be interpreted to conform to a ÔmodiÞcationÐrescueÕ model (Werren 1997 , Bourtzis et al. 1998 .
CI once was thought to be related to the presence of the endosymbiont Wolbachia only. Recently, Cardinium, a symbiotic bacterium that belong to the Cytophaga-Flavobacterium-Bacteroides lineage, was found to be a second bacterium that induces CI in arthropods (Hunter et al. 2003) . Cardinium has been found in only 6 Ð7% of all arthropods so far, making it less common than Wolbachia (Weeks et al. 2003 , Zchori-Fein and Perlman 2004 , Duron et al. 2008b . So far, Cardinium-induced CI have been found in only four arthropods: the parasitoid wasp Encarsia pergandiella (Hunter et al. 2003) , the spider mite Eotetranychus surinamensis (Gotoh et al. 2006) , the sexual spider mite Bryobia sarothamni (Ros and Breeuwer 2009) , and the carmine spider mite Tetranychus cinnabarinus (Xie et al. 2011) .
Infection by multiple symbionts is fairly common (Duron et al. 2008a) . Several studies have reported co-infections of Cardinium and Wolbachia (Weeks et al. 2003 , Zchori-Fein and Perlman 2004 , Gotoh et al. 2006 , Duron et al. 2008b ), yet relatively little is known about the multiple infections on hosts or the individual effects of each symbiont.
To our knowledge, the strain of Wolbachia (wStri) in Laodelphax striatellus (Fallé n), which is the same as the one present in S. furcifera, can rescue strong CI (Noda et al. 2001) . In this study, we investigated the effects of Wolbachia and Cardinium, their interactions and their infection density in the planthopper, Sogatella furcifera (Horváth), a species in which co-infection of Wolbachia and Cardinium has not been reported. We examined the level of CI induced by crossing doubly infected, singly infected, and uninfected planthoppers. We also investigated the Þtness costs, beneÞts, or both of different infection status in S. furcifera.
In this study, we addressed the following questions: 1) Do Cardinium and Wolbachia affect the reproduction of S. furcifera? 2) What is the relationship between Wolbachia and Cardinium in CI expression and rescue in S. furcifera? 3) Does the endosymbionts density affect CI expression and rescue in S. furcifera? 4) Do Þtness costs and/or beneÞts inßuence the infection frequency of endosymbionts?
Materials and Methods
Sample Collection. S. furcifera were collected from three places in China in July 2010 (Table 1) . Fieldcollected planthoppers were either immediately placed in a test tube containing ethanol until DNA extraction to assess the infection frequency (see below) or reared on rice seedlings in a climate-controlled room (25ЊC, 60% RH, and a photoperiod of 16:8
Preparation of Different Infection Strains. Single pairs of male and female adult planthoppers of a natural population were placed in plastic cups (120 mm in height and 80 mm in diameter) containing rice seedlings. The test pairs laid eggs in the rice seedlings and were removed from the cups after 2 wk. The females were checked for Wolbachia and Cardinium infection by polymerase chain reaction (PCR) ampliÞcation. The offspring from the double-infected, Cardinium-infected and uninfected mothers were separately reared in plastic cups. For each of the three groups, pairs of males and females were bred as in the Þrst generation. Offspring from females that did not have the same infection status as their mothers were discarded. This selection regime was maintained for several successive generations until 100% doubly-infected populations, 100% Cardinium-infected populations, and 100% uninfected populations were obtained.
The Treatment of Microinjecting of Penicillin G. We did not Þnd any planthoppers that were singly infected with Wolbachia in the natural population. To obtain a line of such populations, nymphs of S. furcifera from doubly-infected lines were microinjected with different concentration of penicillin G (0.1Ð 0.5%) and then placed in a glass test tube containing rice seedlings. After adult emergence, pairs of microinjected males and females were bred as described above for three to four generations, yielding offspring that were positive for Wolbachia only.
Infection Frequency. We screened 370 Þeld-collected individual planthoppers from three populations for infection with Wolbachia, Cardinium, or both (Table 2). DNA was extracted from single planthoppers according to the method of OÕNeill (OÕNeill et al. 1992 ) using proteinase K. DNA was extracted by homogenizing a single individual in a 40-l mixture of STE buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0) in a 1.5-ml Eppendorf tube (Eppendorf, Hamburg, Germany) and incubated with 2.5-l proteinase K (10 mg/ml, 2.5 l) at 37ЊC for 30 min, then heated at 95ЊC for 5 min. The samples were centrifuged brießy, then use at once for the PCR reactions or stored at Ϫ20Њ. PCR detection for Wolbachia was performed using primers wsp-81 F and wsp-691R . Thermal cycles were as follows: 95ЊC for 3 min; followed by 35 cycles of 95ЊC for 30 s, 55ЊC for 45 s, 72ЊC for 1 min, and 72ЊC for 5 min as a Þnal extension after the last cycle. PCR detection for Cardinium was performed using primers primers CLOf and CLOr1 (Weeks et al. 2003) . Thermal cycles were as follows: 94ЊC for 2 min, 35 cycles at 94ЊC for 30 s, 57ЊC for 30 s, 72ЊC for 30 s, and 72ЊC for 5 min as a Þnal extension after the last cycle. The sequences were determined for at least three clones having opposite orientations. The PCR products were cloned into a pEASY-T3 Cloning Vector (TransGen), sequenced in both directions using the universal primer pairs M13, m13R. The sequence was determined by the Dye Terminator Sequencing method with a DNA Sequencer, model 377 and 3700 (Applied Biosystems, Foster City, CA).
Cross Experiments. The effects of crosses between doubly infected, singly infected, and uninfected planthoppers on CI were determined (Table 3) . For each cross, nymphal planthoppers were reared individually in a test tube containing rice seedlings and checked daily for emergence (to ensure they were virgins). Upon emergence, a female and a male were introduced into a test tube and allowed to lay eggs into the rice seedlings at 25Ð26ЊC for 2 wk and then removed from the tube. After another week, newly hatched nymphs by this time were counted, and the remaining deposited eggs in the seedlings were dissected to microscopically observe the development. Eye pigmentation (red in color) was examined as an indicator of egg development (Noda et al. 2001) . Emerging adult offspring (sons and daughters) were scored per cross to determine the sex ratio (the number of daughter offspring). Data were analyzed with one-way analysis of variance (ANOVA) and means were compared using a Tukey HSD test (SPSS 17.0). To normalize the data, an arcsine square-root transformation was used for egg hatchability and sex ratio.
Fitness Effects. The Þtness costs, beneÞts, or both of the different infection statuses (Wolbachia-infected, Cardinium-infected, doubly infected, and uninfected) in S. furcifera were investigated by comparing the fecundity of females and the developmental duration of nymphs. Females were crossed with uninfected males to exclude any inßuence of differences in male fertility because of infection. The effects of different infection types on female fecundity were tested by comparing the number of eggs laid in 15 d by infected and uninfected females, in crosses involving uninfected males.
Development time was measured by placing Ϸ150 newly hatched nymphs into individual tubs containing rice seedlings. They were moved to fresh rice seedlings every 5 d until hatching. Hatching was checked daily. Data were analyzed with one-way ANOVA and means were compared using a Tukey-HSD test (SPSS 17.0). To normalize the data, an ln transformation was used for the number of eggs laid per female and the days of nymphs stage.
Quantitative PCR (Q-PCR). The numbers of copies of the wsp and 16S rDNA genes in a planthopper were used as indicators of the numbers of Wolbachia and Cardinium cells, respectively. Adult females (n ϭ 10) and males (n ϭ 10) of different ages from Hainan Province (south China) were used. Real-time Q-PCR was performed using an Applied Biosystems 7300 thermal cycler.
Based on the sequences of wsp gene of Wolbachia strain (wStri) we sequenced, new speciÞc primers (WSP/F 5Ј-ATGTAACTCCAGAAATCAAACTC-3Ј and WSP/R 5Ј-GATACCAGCATCATCCTTAGC-3Ј) were designed (Primer Premier 5.0) for quantitative PCR, which ampliÞed a 94 bp DNA fragment. At the same time the sequence of 16S rDNA gene of Cardinium was sequenced, new speciÞc primers (CLOF 5Ј-CCAAGGCTACGATGGGTAGG-3Ј and CLOR 5Ј-CTAGGCTGGTTCAGGCTTG-3Ј) were designed (Primer Premier 5.0) for quantitative PCR, which ampliÞed a 129 bp DNA fragment. To obtain accurate estimates of the gene copy number, we plotted standard curve by using dilutions of pGEM-T vector containing the copy of wsp fragment and pGEM-T vector containing the copy of 16S rDNA fragment. The ampliÞcation reaction was monitored using SYBR green. The 20-l volume reaction mixture consisted of 10 l 2ϫSYBR Premix Ex Taq (Applied Biosystems), 10 M of each primer, 50ϫROX Reference Dye, and 1 l of DNA template. Each DNA template was analyzed in 
Results
Cloning and Sequencing Analysis. The sequences of the wsp gene of Wolbachia in the singly and doubly infected S. furcifera in the HN population were identical (GenBank accession no. GU289787). The same was true of the sequences of the 16S rDNA gene of Cardinium (GenBank accession no. AB506774). Thus, the Wolbachia and Cardinium strains were not affected by infection status.
Infection Frequency. The screening of Wolbachia, Cardinium, or both in HN (Sanya, Hainan), YN (Wenshan, Yunnan), and GX (Yongfu, Guangxi) populations showed that the infection in the three populations is polymorphic (Table 2 ). Each population appeared to have many individuals that were doublyinfected, singly infected with Cardinium, and uninfected, but few individuals that were singly infected with Wolbachia. In the HN population, 50% were doubly infected, 36% were singly infected with Cardinium, and 14% were uninfected and 0% were singly infected with Wolbachia. The infection statuses were similar in the GX population (w Table 3 shows the hatchability of eggs in the four combinations of crosses in which the effect of Cardinium was investigated in the HN whitebacked planthopper population. As expected, the egg hatchability in the UϫI C cross (3.1 Ϯ 1.6%) was much lower than that in the other three crosses (90%). In the four crosses tested for possible Wolbachia CI effects, crosses between uninfected females and infected males (UϫI W ) resulted in an egg hatch of 92.5 Ϯ 5.0%, which was not signiÞcantly lower (P Ͼ 0.05) than the egg hatches obtained with the other crosses. In the four crosses tested for doublyinfected CI effects, doubly-infected males (I WC ) also induced CI (13.5 Ϯ 1.0% egg hatch). This indicates that males singly infected with Cardinium can induce strong CI, doubly infected males can induce partial CI, and males singly infected with Wolbachia do not induce CI.
CI Rescue in S. furcifera. We compared four possible crosses involving singly infected Cardinium males to investigate in which crosses the induced CI by Cardinium was rescued. As is apparent from Table  3 , Cardinium-induced CI can be rescued in the crosses with Cardinium-infected and doubly-infected females, whereas the rescue of doubly infected females is quite weak. The egg hatchability between doubly infected females and Cardinium-infected males (20.6 Ϯ 1.7%), although lower than that found in compatible crosses, also showed strong CI. Crosses involving Wolbachia-infected females also showed strong CI (Table 3) . Therefore, CI induced by Cardinium is rescued by Cardinium but the rescue of doubly infected individuals was quite weak.
We also investigated other possible crosses, involving doubly infected males (Table 3) to investigate in which crosses the CI induced by doubly infected males was rescued. Among the four crosses, doubly induced CI can be rescued by doubly-infected females and slightly rescued by Cardinium-infected females. The rescue of Cardinium-infected females was so weak that the egg hatchability was 21.6 Ϯ 1.3%, demonstrating a strong CI.
Fitness Effects. The Þtness costs, beneÞts, or both of different infection status in S. furcifera were measured by fecundity of females and developmental time of nymphs of singly, doubly, and uninfected individuals. The effects of different infection status on female fecundity were tested by comparing the number of eggs laid in 15 d, in crosses involving uninfected males. It was shown that no difference in fecundity was observed, and the number of eggs produced by females of different infection types was not signiÞcantly different (Table 3) .
The effects of different infection types on the developmental time of nymphs were tested. The results as shown in Fig. 1 indicate that in the HN population, Cardinium-infected individuals reached adulthood signiÞcantly earlier than uninfected and doubly infected individuals (P Ͻ 0.
01, ANOVA [TurkeyÕs test]).
Endosymbionts Densities in Host Adults. The Wolbachia and Cardinium densities declined with increasing age, whereas the Wolbachia declined rapidly.
Adult S. furcifera with different infection status were collected on 1, 2, 4, 6, 8, 10, 12, and 14 d after emergence. We compared the densities of Cardinium and Wolbachia between singly-infected and doublyinfected adults on the same day after emergence. MannÐWhitney U tests indicated that, in most ages, the differences between each pair of infection statuses were signiÞcant (Fig. 2) .
Discussion
In laboratory-reared S. furcifera, CI caused by Cardinium in crosses between uninfected females and infected males was quite strong. CI was expressed as a strong reduction in egg hatchability and a strongly male-biased sex ratio in crosses between uninfected females and infected males and the only CI type found for Cardinium was female mortality. In this study, CI expression was nearly complete: on average, only one daughter was produced in each incompatible cross. This is concordant with the female mortality type of CI (Vavre et al. 2000) . S. furcifera is the fourth host species in which Cardinium induced CI has been observed, and this study reveals the strongest CI effect found for Cardinium so far.
Although we found a strong CI effect for Cardinium in S. furcifera, no CI was induced by Wolbachia, whereas Noda et al. (2001) found that the identical Wolbachia strain caused strong CI in S. furcifera, we estimate that 1) because Noda did not check for the presence of Cardinium, CI could be caused by doubly-infected males, and 2) background of the host. CI is known to allow Wolbachia to invade host populations by inducing a strong reduction in egg hatchability in crosses between infected males and uninfected females. The spread of Wolbachia in uninfected populations, as well as its maintenance after invasion, are best understood by considering three factors: the level of CI, maternal transmission efÞciency, and Þtness effects Hoffmann 1995, Hoffmann and Turelli 1997) . Several Wolbachia variants have been described that do not seem to induce CI, but that can also widely spread in the Þeld. In this study, we investigated whether Wolbachia that do not induce cytoplasmic incompatibility could be beneÞcial to the host. We found that such Wolbachia did not have a positive effect on host fecundity in the HN population or shorten the developmental duration of nymphs. This explained why there were no Wolbachia-infected individuals in the natural populations of S. furcifera. Our observations Þt with the prediction that Wolbachia should be lost from natural populations unless beneÞcial to the host or perfectly transmitted from infected mothers to their offspring (Hoffmann and Turelli 1997) .
Interactions between Wolbachia and Cardinium were investigated by comparing crosses involving doubly infected individuals, and crosses between Wolbachia-infected and Cardinium-infected individuals. Doubly-infected males could induce CI, and CI induced by doubly-infected males could be weakly rescued by singly Cardinium-infected females. CI induced by singly Cardinium-infected males is also weakly rescued by doubly-infected females. These Þndings can be explained by 1) Cardinium was the leading factor of CI in the doubly infected, so singly Cardinium-infected females could weakly rescue it. 2) CI caused by doubly-infected males can be weakly rescued by doubly infected females because of the existence of Cardinium.
3) The reason why the rescue is so weak may be that Wolbachia interferes Cardinium between that singly Cardinium-infected strain and doubly-infected strain differ in their modiÞer-rescue system. Another study investigated CI in individuals infected with both Wolbachia and Cardinium: Ros and Breeuwer (2009) found that the CI was induced by Cardinium, with no CI rescue by doubly-infected females. Apparently, this also veriÞes that singly Cardinium-infected and doubly-infected strains differ in their modiÞer-rescue system. 4) Another interesting explanation for the weak rescue is that it is caused by Cardinium density differences between singly-infected and doubly-infected in females.
Endosymbionts density is known to inßuence the strength of CI in insects (Breeuwer and Werren 1993 , Bressac and Rousset 1993 , Bourtzis et al. 1996 , Bordenstein et al. 2006 . To investigate the correlation of endosymbionts density with CI expression, the densities of Wolbachia and Cardinium were measured by using real-time quantitative PCR. In the results of this study, no evidence of CI expression induced by Wolbachia was observed in the HN S. furcifera population, but Cardinium induced strong CI and doublyinfection induced partial CI. Cardinium density was higher in singly-infected males than in doubly-infected males. Here, we suggest that Cardinium was the leading factor of CI in S. furcifera and Cardinium density is one of the causes of the different strengths of CI between singly Cardinium-infected and doublyinfected strains. In most stages, Cardinium density was higher in individuals singly infected with Cardinium than in doubly-infected individuals. This was also the case with individuals singly-infected with Wolbachia and doubly-infected individuals. We suggest that in doubly-infected individuals, Wolbachia competes for nutrients with Cardinium, whereas reduced nutrition may lead to the lower Cardinium density.
Costs related to the infection are important for determining the spread and maintenance of infections within populations (Werren 1997 , Hoffmann et al. 1998 ). In addition to the effect on reproduction, Wolbachia and Cardinium can also inßuence the Þt-ness of the host. Fitness effects may depend not on the particular host or symbiont type, but on an interaction between the two. In our studies, Wolbachia and Cardinium infection had no effect on fecundity in the HN population. However, we found evidence for positive Þtness effects associated with Cardinium bacteria. Cardinium shortened the developmental duration of nymphs in the HN population, while no signiÞcant difference was observed in Wolbachiainfected and doubly-infected individuals. Because of the high infection frequency of singly Cardinium- infected strain in the natural population of S. furcifera, we estimate that the high level of CI and Þtness beneÞts allow Cardinium to invade and spread in host populations.
Fitness costs are important determinants of infection frequencies in the Þeld. This study is the second to compare the Þtness between singly and doubly infected females. Ros and Breeuwer (2009) gave us the Þrst report about the fecundity of the singly and doubly infected females. Our Þndings that singly Cardinium-infected individuals (CI, shorten the developmental duration of nymphs) and doubly-infected individuals (CI) have a higher Þtness than singly Wolbachia-infected individuals are surprising and may have implications for the persistence and spread of Wolbachia and/or Cardinium in populations. These observations can explain why the infection frequencies of singly Cardinium-infected and doubly-infected are so high. The loss of Þtness (no CI, no positive Þtness effect) in Wolbachia-infected and uninfected individuals may result in low infection frequency in the natural population of S. furcifera. The infection frequencies that we Þnd in the Þeld should improve our understanding of infection dynamics and the fundamental factors determining symbiont frequency (Weeks et al. 2002) . Other factors, such as the role of symbionts in resistance to parasitoids may inßuence the frequency of symbionts in populations (Oliver et al. 2005) . Further studies are needed to examine these factors.
